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ABSTRACT Partially purified soluble rat liver guanylate cyclase [GTP pyrophosphate-lyase (cyclizing), EC 4.6.1.2] was activated by superoxide dismutase (superoxide:superoxide oxidoreductase, EC 1.15.1.1). This activation was prevented with KCN or glutathione, inhibitors of superoxide dismutase. Guanylate cyclase preparations formed superoxide ion. Activation by superoxide dismutase was further enhanced by the addition of nitrate reductase. Although guanylate cyclase activity was much greater with Mn2+ than with Mg2+ as sole cation cofactor, activation with superoxide dismutase was not observed when Mn2+ was included in incubations. Catalase also decreased the activation induced with superoxide dismutase. Thus, activation required the formation of both superoxide ion and H202 in incubations. Activation of guanylate cyclase could not be achieved by the addition of H202 alone. Scavengers of hydroxyl radicals prevented the activation.
It is proposed that superoxide ion and hydrogen peroxide can lead to the formation of hydroxyl radicals that activate guanylate cyclase. This mechanism of activation can explain numerous observations of altered guanylate cyclase activity and cyclic GMP accumulation in tissues with oxidizing and reducing agents. This mechanism will also permit physiological regulation of guanylate cyclase and cyclic GMP (4, 5) . Although a few reports have described effects of hormones on guanylate cyclase in cell-free systems (6) (7) (8) (9) (10) , most of these reports have not been confirmed. In some instances these effects can be attributed to bile salt contaminants in hormone preparations (11) , nonenzymatic formation of cyclic GMP (12) , and perhaps other nonspecific mechanisms.
We have described the activation of guanylate cyclase from numerous tissues with sodium azide, hydroxylamine, nitrite ion, nitroglycerin, nitroprusside, or nitric oxide (13) (14) (15) (16) . Sodium azide activation of guanylate cyclase requires a protein activator factor such as catalase and oxygen and is altered with oxidizing and reducing agents (13) (14) (15) (16) (17) . All of these agents under the appropriate conditions can lead to nitroso groups or nitric oxide which are capable of activating guanylate cyclase (14, 16, 18) . Recently, nitrosoamines (19) and nitrosoureas (20) have also been reported to activate guanylate cyclase preparations. Azide and hydroxylamine are known to inhibit catalase by formation of a catalase-nitric oxide complex in the presence of H202 (21, The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. 22 ). Hydrogen peroxide in tissues can be derived from superoxide ion with superoxide dismutase (23) . The (15, 16) . Guanylate cyclase was eluted by using a NaCI gradient (0-0.5 M). Fractions containing guanylate cyclase were pooled and used as a source of partially purified enzyme. Fresh preparations or those stored at -70°for more than 2 years were qualitatively similar in these studies.
Guanylate cyclase activity was determined in 100-g1 incu- bations as described with some modification (11) (12) (13) (14) (15) (16) . Reaction mixtures contained 50 mM Tris-HCI buffer (pH 7.6), 10 mM theophylline, 1 mM GTP, and 4 mM MgCl2. Concentrations of EDTA and dithiothreitol in incubations were 0.1 mM or less and were due to their introduction with the enzyme preparations. Reactions were initiated by the addition of GTP and MgCl2, incubated for 10 min at 370, terminated by the addition of 0.5 ml of cold 50 mM sodium acetate buffer (pH 4.0), and heated for 3 min at 900. Cyclic GMP formed was determined by the radioimmunoassay of Steiner et al. (24) with minor modification (25) . Cyclic GMP formation was linear with respect to time of incubation and protein concentration used. Values presented are means of duplicate or triplicate incubations from representative experiments.
Superoxide ion formed in incubations was determined by a cytochrome c reduction assay in the presence of catalase as described by McCord and Fridovich (26) using conditions of the guanylate cyclase assay. Protein was determined by the procedure of Lowry et al. (27) .
Bovine erythrocyte superoxide dismutase (2900 units/mg), beef liver catalase (3400 units/mg), Escherichia coli nitrate reductase (12.6 units/g), I-norepinephrine, I-epinephrine, butylated hydroxyanisole, and hydroquinone were obtained from Sigma Chemical Company. Other agents were obtained as described (11) (12) (13) (14) (15) (16) 25) .
RESULTS
Addition of superoxide dismutase to partially purified rat liver guanylate cyclase preparations caused a marked activation (Fig.  1) . The effect was diminished when superoxide dismutase was preincubated with guanylate cyclase prior to initiating cyclase incubations with GTP and Mg2+. Decreased effects of superoxide dismutase were also observed when guanylate cyclase preparations were preincubated prior to the addition of superoxide dismutase (not shown). Under either set of conditions, further addition of superoxide dismutase was not effective. Two known inhibitors of superoxide dismutase, KCN and glutathione, were also tested without and with superoxide dismutase (Table 1) . These agents had little or no effect alone, as reported previously (13, 14, 16) , but markedly decreased the activation due to superoxide dismutase.
With some preparations of partially purified guanylate cy- clase, superoxide dismutase activation was much less (Fig. 2) . Addition of E. coli nitrate reductase, a metalloflavoprotein that donates electrons to oxygen as well as nitrate (28) , had little or no effect on guanylate cyclase activity. However, it markedly increased the effect of superoxide dismutase with all preparations examined (Figs. 2 and 3 ). Heated preparations of superoxide dismutase or nitrate reductase were ineffective (not shown). Activation of guanylate cyclase by superoxide dismutase was concentration dependent as was the enhancement with nitrate reductase (Figs. 2 and 3 ).
Under the conditions of the guanylate cyclase assay we observed the formation of superoxide ion by partially purified preparations of liver guanylate cyclase (not shown). The formation of superoxide ion did not appear to correlate with the degree of guanylate cyclase activation by superoxide dismutase. Basal guanylate cyclase activity was greater with Mn2+ than 0" 0. Biochemistry: Mittal (33) . Activation of guanylate cyclase with superoxide dismutase was markedly decreased or totally prevented with butylated hydroxyanisole, hydroquinone, epinephrine, norepinephrine, and hemoglobin ( Table 2) . Some of these agents also decreased basal activity, which suggests that part of the basal activity may be partially activated enzyme. Other scavengers such as ethanol, mannitol, and benzoate had little or no effect on basal activity or superoxide dismutase activation. Thus, inhibition correlated with the ability of these agents to scavenge hydroxyl radicals (33) . DISCUSSION Guanylate cyclase is found in virtually all tissues and is present in both soluble and particulate fractions (34) . The properties of the soluble and particulate forms are different (29, 35, 36) . Although numerous agents may increase cyclic GMP accumulation in intact tissues, relatively few agents can increase guanylate cyclase activity in cell-free systems (13-20, 32, 37) . Many of these agents, such as azide, hydroxylamine, nitroglycerin, nitroprusside, and others, probably lead to the formation of nitric oxide which markedly activates most preparations (14, 18, 38 (Table 2 ) (42) . Additional studies are required to determine whether or not activation of guanylate cyclase with hydroxyl radical and nitric oxide is through a common mechanism.
The formation of superoxide ion, hydrogen peroxide, and hydroxyl radical is likely to be the mechanism for physiological and hormonal regulation of guanylate cyclase and cyclic GMP formation. In some cell-free systems, guanylate cyclase is activated by H202 (32) , arachidonic acid, prostaglandin endoperoxide, and other fatty acids (37, 43, 44) . Oxygen tension and ascorbic acid also influence cyclic GMP levelsin tissues (45) . The formation or utilization of superoxide ion is involved in thromboxane and prostaglandin formation (46) , peroxidation of membranes (30, 47) , reduction of oxygen by flavin enzymes (48) , autooxidation of hemoglobin (49), phagocytosis and lysosomal enzyme release from leukocytes (50) , and other processes. Some of these processes can influence cyclic GMP levels in tissues.
Additional studies are required to test our hypotheses. Clearly, guanylate cyclase appears to be a unique enzyme that is activated by hydroxyl radical or nitric oxide, because these materials are inhibitory in all other systems in which they have effects.
